We have designed, fabricated and characterized large displacement distributed-force polymer actuators driven only by the surface tension of water. The devices were inspired by the hygroscopic spore dispersal mechanism in fern sporangia. Microdevices were fabricated through a single mask process using a commercial photo-patternable silicone polymer to mimic the mechanical characteristics of plant cellulose. An analytical model for predicting the microactuator behavior was developed using the principle of virtual work, and a variety of designs were simulated and compared to the empirical data. Fabricated devices experienced tip deflections of more than 3.5 mm and angular rotations of more than 330
Introduction
There is an increasing desire to embed actuation into normally inert materials for smart structural components and selfassembling manufacturing applications [1] . Additionally, technology miniaturization into the micro and nanoscale and the increasing decentralization of sensing and computation have created a need for novel energy-scavenging technologies [2] . Devices that scavenge energy or perform work by utilizing energy already present in their environment are of interest to MEMS researchers [3] . Potential sources of ambient energy include, but are not limited to, vibrations [4] and wind [5] . The work presented here focuses on the use of environmental light or heat for evaporation-induced actuation driven by surface tension.
In addition to energy scavenging, researchers have demonstrated an interest in the potential for extracting work from liquid surface tension for use in bottom-up selfassembly [6] [7] [8] , batch assembly of microcomponents [9] [10] [11] [12] and actuation [13, 14] . Previously, the surface tension of liquid solder has been used to assemble large devices for electrical networks and three-dimensional elastomer structures [15, 16] . Metal solder pads were first patterned and then melted to rotate adjacent structures using the surface tension of the molten solder. Surface tension has also been explored as a possible method to drive low-friction actuation [13] . A bistable liquid-solid micromechanical contact switch was made from a 5-20 µm diameter droplet that maintained its structural stability due to the surface tension of the liquid.
In addition to the use of liquid metals for actuation, the surface tension of water has been exploited to study the mechanical strength of lithographic polymers [17] . Photo-defined test structures consisting of narrow, parallel beams were developed and released in water. As the channels between the test structures dried, water tension caused stiction in some devices. The Young-Laplace equation governed the initial pressure difference between the test structures and was used to calculate the polymer strength.
Interestingly, the ability to extract work from both environmental conditions and liquid surface tension is a hallmark of plant evolution [18] [19] [20] [21] . Here, we present a class of biomimetic microactuators inspired by hygroscopic spore dispersal mechanisms in ferns.
We previously introduced the first generation of these biomimetic actuators in [22] . The following text elaborates on the microactuators which scavenge energy from evaporating water to generate geometrically programmable force profiles and deflections. This text also describes an analytical model to predict actuator performance. The presented transpiration actuation mechanism enables the infusion of common materials with distributed programmable force generation and may also form the basis of a means to scavenge energy from environmental humidity.
This paper begins, in section 2, with a description of the device geometry and parameters. Section 3 details the analytical model of device operation based on energy methods. Section 4 describes the method by which the biomimetic actuators were fabricated and tested. Section 5 presents the empirical test results of the fabricated devices and compares them to the theoretical model; the significance of various geometric design parameters on the amount of actuation, angle of rotation and the effect of scaling are discussed. Lastly, we show how this transient evaporation actuation can be used to self-assemble devices into stable geometries.
Fern sporangia
Plants have evolved methods for extracting work from the surface tension of water. One example is the pumping of water from root to leaves via evaporation at microscale stomatal pores, known as the cohesion-tension theory [18] [19] [20] [21] . Similarly, ferns make use of water evaporation within specialized microstructures to obtain fast motion and high forces for spore dispersal [21] . Ferns grow specialized reproductive vessels called sporangia ( figure 1(a) ). During the dry season, these microscale sporangia open violently to release small spores into the air ( figure 1(b) ). Each sporangium is surrounded by an annulus of water-filled cells and each cell comprises two rib-like structures filled with water [23] . As water dries inside the cells, the surface tension between the water and the cell wall gives rise to high forces causing a deflection along the outer edge of the annulus. The combined deflection of each wall straightens the entire annulus structure and tears open the spore sac ( figure 1(b) ).
Surface tension at the microscale
Due to the high surface area-to-volume ratio, surface tension is a dominant force at the micro and nanoscale [14, 24, 25] . In the bulk, the potential energy of a water molecule, where its forces are counterbalanced by those of its surrounding molecules, is minimized [24] . At the liquid-air interface on the surface, the forces of each water molecule are left unbalanced. Because of the high energy at the liquid-air interface, liquids seek to minimize surface area. This mechanism is the premise upon which the devices presented in this paper operate; water contained between two walls seeks to minimize its liquidair surface area as it evaporates, thus causing mechanical deformation.
Design
The devices designed in this work mimic the geometries of fern sporangia ( figure 2(a) ). Devices consisted of a curved spine that straightened during the device operation. The spine was also designed around the physics of a slender beam. Ribs extending from the spine create cells with two sidewalls which can be filled with water. These ribs act as levers upon which forces due to surface tension act to deform the spine (figures 2(b) and (c)).
Both the spine and ribs were made from silicone polymer. In order to mimic the mechanical properties of plant cellulose, polydimethylsiloxane (PDMS) was used because of its comparable Young's modulus. Cellulose, the material that comprises plant cell walls, has a Young's modulus of 120-500 MPa [26] . Young's modulus of the photo-patternable silicone employed in this work was 160 MPa, as reported by the manufacturer.
The behavior of these devices can be compared to previous solder-driven self-assembling plates. There has been much previous work on surface tension actuation utilizing solder at high temperatures [7, 8, 15, 16] . As the solder melts, the liquid minimizes its energy by reducing the interfacial surface area ( figure 2(d ) ). The surface tension forces at the solder-plate interface cause the hinged plate to rotate as the liquid-solder surface energy is minimized. The microactuators in the work presented in this paper employ a distributed energy minimization mechanism by including multiple liquid Figure 2 . Actuation mechanism of microfabricated devices: (a) water is placed between the ribs to wet the device. (b) Immediately after wetting, the surface tension of the water pulls on the ribs at the meniscus edge. (c) As the water seeks to minimize its surface energy, surface tension pulls on the ribs and causes the spine to deform. (d ) Energy minimization has been used to rotate hinges using molten solder as presented in [8, figure 3(d ) ]. The device in (a)-(c) multiplies the energy minimization effect by incorporating the ribs to divide the liquid volume. volumes that seek to reduce their surface energies. As will be explained, this distribution of actuation is useful for achieving additional control and for embedding force-generation profiles into the actuation.
Analytical model

Principle of virtual work
In this section, we use the principle of virtual work as the basis of an analytical model that predicts device performance. We first describe the principle of virtual work and describe the energy components. We then calculate the strain energy due to deformation of the spine and the surface energy of the liquid between the device ribs. Those values are then used to find the minimum total potential energy. The task of predicting the exact nature of device deformations using force balance methods can be quite challenging for even the simple geometries presented above. It is increasingly possible to use finite element models and commercial solvers to approach problems including surface tension effects, large deformation analysis and nonlinear material properties. However, these simulations are typically computationally expensive since there are no obvious symmetries to exploit at the global level and the models do not always converge. In this light, energy methods based on the principle of virtual work are particularly useful. Such methods have been used extensively to model MEMS devices [27] . The model presented here provides an approximate solution to the maximum achievable device deformation based on geometric parameters.
In the present context, the principle of virtual work states that when a body in equilibrium experiences external forces that cause deformation, the energy added to the deformed body is solely due to those applied forces [27, 28] . In this analysis, all forces other than surface tension are neglected. The total potential energy of the microactuators presented here is the sum of the deformation energy of the spine and the surface energy of the water column between the ribs. The model measures the total energy of the various resting states of the device when the ribs are completely filled with water and seeks to find the state of minimum potential energy. In the ideal case, there are no fabrication defects, the ribs are distributed evenly along the spine, each of the cells is completely filled with water, and the evaporation rate for each cell is the same at any given time. The model is further based on the following statements.
(1) The model seeks to find the equilibrium state of the system. Transient response is not being modeled. (2) Devices are designed to have an initial stress-free shape that is curved. The energy of the stress-free curve is zero. implies that any deformed shape of the spine will also have uniform radius of curvature ( figure 3(b) ). (5) The ribs are assumed to be rigid so that they do not store any deformation energy.
As the device deforms due to surface tension the strain energy in the spine increases. Equilibrium is reached when the total potential energy is at a minimum.
Strain energy of the spine
The strain energy is defined as the integral of a scalar effort, modeled by stress, over a scalar displacement, modeled by strain [15] . The spine of the microactuator presented here can be modeled as a continuous curved beam. The strain energy density of the spine is modeled byW in (1), where E is Young's modulus and ε is the strain:
For large deformations in polymers, nonlinear expressions from neo-Hookean and Mooney-Rivlin analyses can be used to include additional nonlinear terms to the axial stress-strain relationship [29, 30] . However, the maximum strains of the geometries presented in this work do not exceed ∼0.1 for spine thicknesses <100 µm. Due to the small strains of the device geometries, a linear axial stress-strain relationship can be used (Hooke's law) [29, 31] .
In order to get the energy stored in the beam, the expression must be integrated over the volume of the segment of the spine that is being analyzed. The strain energy of a spine with the rest shape of a curve with radius ρ 0 is given by equation (2):
where E is Young's modulus of the spine material and h and w define the rectangular cross-section of the spine in figure 4 , such that w is the depth of the device into the page and h is the in-planar thickness of the spine. L is the length of the spine, ρ 0 is the initial radius of curvature of the stress-free spine and ρ is the radius of curvature of the deformed spine [32] . The stress-free curvature is given by (3) and the bending stiffness is given by (4),
where θ initial is the angle of the arc swept by the curved spine and I is the moment of inertia of the spine. The strain energy is based on the physics of a straight cantilever. This is the opposite of the actuator geometry which is curved ( figure 3(a) ). Although there are cases in which an initially curved beam cannot be modeled using the altered equations for a straight beam, it is acceptable in this case. For the devices presented here, the calculated neutral axis radius of the straight spine is within 0.05% of the geometrically calculated curved spine value using spine thicknesses, h < 50 µm. Therefore, the energy present in an initially curved beam that straightens during actuation is essentially equivalent to the strain energy in an initially straight beam that is curved during actuation.
Surface energy of water
As previously mentioned, the system is in the equilibrium state when its total energy, comprising strain energy and surface energy, is at a minimum. The actual surface of the volume of water filling in the region between adjacent ribs is a complex 3D shape. This surface has been approximated as a set of trapezoids for the pair of 'side' areas which touch both the adjacent ribs and the spine ( figure 4(a) , area A) and as a partial cylinder of appropriate radius for the 'top' areas which touch just the adjacent ribs ( figure 4(a), area B) . The sum of these two regions gives an approximation of the surface area of the volume of the water present between the ribs. The work done by the surface tension of water for a given spine deformation is expressed as (5)
where γ t is the surface tension of water, A is the area of the side meniscus, B is the area of the top meniscus between the tips of a set of ribs and n is the number of ribs. The area of the side meniscus, A, can be approximated by a trapezoid that depends on the length of the rib, (6) . The curvature of the surface due to the meniscus of the water is neglected for cases where the depth of the rib, w, is much greater than the distance between the tips of the ribs, H. The partial cylinder used to approximate the 'top' area, area B, takes into account the menisci generated by the liquid-solid interface. The length of the meniscus, L m , within each cell from rib tip to rib tip can be solved using the water-to-rib contact angle, θ c , and a geometric construction (7)-(9) ( figure 4(b) ), where r is the radius of curvature of the meniscus between two ribs, φ is the angle between two ribs, H is the distance between the tips of the ribs and w is the depth of the ribs ( figure 4(a) ). The approximation for the 'top' surface area, B, subtracts the area that does not contain water due to the shape of the meniscus along the depth of the ribs, w, in figure 4(a) . B also subtracts the area due to the meniscus at the very tip of the ribs coming from the side of the volume of the water (10):
In equation (10) the unadjusted partial cylinder area is given in the first term and the subtracted areas due to the menisci are given in the second term. These approximations result in a value for the total surface area of the water contained within a set of ribs which takes into account the contact angle of water to the ribs.
Experimental methods
Microfabrication
The microdevices were batch fabricated out of the photopatternable silicone WL-5150 from Dow Corning using a single mask process. Figure 5 shows the process steps in the fabrication sequence. A passivation layer was deposited on a clean wafer using a Surface Technology Systems ICP-DRIE tool for 1 min with 85 sccm of C 4 F 8 at 800 W power. This layer facilitates the removal of the silicone structures once fabricated. The silicone was warmed to room temperature and was spun onto the passivated wafer at 300 rpm for a depth of 80 µm. The coated wafer was then soft baked on a hotplate at 110
• C for 2 min to remove carrier solvents. The patternable silicone layers were exposed to 1000 mJ cm −2 of UV light using a GCA Autostep 200 i-line stepper to activate polymerization. The exposed silicone layers were then baked on a hotplate for 2 min at 150
• C to achieve full polymerization of the exposed regions. Stoddard solvent was used to remove the unexposed silicone during a 1 min puddle development. Fresh developer was deposited onto the wafers with a pipette for 10 s as they were spun at 200 rpm. Isopropyl alcohol was then squirted onto the wafers while spinning them at 500 rpm to remove solvents and undeveloped silicone. Subsequently, wafers were spun dry for 30 s at 500 rpm. Final silicone features were cured on a hotplate at 250
• C for 10 min. The devices were separated from their carrier wafers using a razor blade. Next, they were immersed in methanol and dried on a clean silicon wafer. Following this, the devices were lifted from the wafer and mounted at their base anchor for testing. Finally, a 50 W, 2 min O 2 plasma treatment at 250 mTorr was used to make the structures hydrophilic prior to testing.
Testing
Following the O 2 plasma step, water was applied onto the hydrophilic surfaces using a needle and a syringe. Evaporation took place at room temperature. Device actuation was observed and recorded using a Nikon Coolpix 5 Megapixel digital camera mounted on a compound microscope using 10× magnification. In some cases, 10 µM fluorescein (Sigma-Aldrich Corporation) was dissolved in DI water to help visualize the water and the meniscus. • indicates a device actuated from the undeformed arc into a straight line. The results of the simulation are given in red for 60 MPa.
Results
Device performance metrics
Device performance was quantified in two ways: device tip deflection, measured as the distance that the tip moved from its initial position to the point of equilibrium, and angular rotation, which measured the angle swept by the device tip from the starting position to the point of equilibrium. In order to test the presented analytical model and understand scaling phenomena, a family of devices with parametrically varied geometries was fabricated and assembled. The varied parameters rib length, rib spacing, spine thickness and device depth enabled the investigation of the effect of scaling on the magnitude of tip deflection, angular rotation and the exact geometry of deformation [32] . Typical as-drawn geometric parameters of the fabricated devices include 300, 400 and 500 µm rib lengths, 75 µm rib spacing, 10, 20 and 30 µm spine thicknesses, and 80 µm device depth. Using scanning electron microscopy (SEM) of rib cross-sections, the dimensions of actual fabricated device spine and rib thicknesses were found to be larger than design due to aspect ratio limitations of the photo-patternable silicone. The additional thickness was incorporated into the analytical model for a direct comparison of the theoretical predictions with the experimental data. Multiple sets of identical devices were tested to ensure repeatability. Figure 6 shows a time-lapsed typical device movement during actuation. Once wetted, devices quickly moved to their equilibrium position (figures 6(b) and (c)). As water evaporated, the devices began to relieve the strain in the spine ( figure 6(d ) ). Devices returned to their undeformed state once dry ( figure 6(e) ).
Device performance as a function of spine thickness and rib length
Devices with the smallest feature size of 10 µm spine thicknesses experienced resultant tip deflections in excess of 4 mm while unfurling 300
• (figures 7(a) and (b)). Devices exhibited forces per unit length ranging from 5.75 mN m −1 for 10 µm spine thicknesses to 67.67 mN m −1 for 30 µm spine thicknesses. Decreasing the spine thickness predictably increased the deflection of the device, but also increased the spread of the measured data. The data plots in figure 7(a) show an increase in the standard deviation as the spine thickness is decreased. This is partly due to test environment limitations. Since the test environment of an optical microscope for image capture cannot be guaranteed to provide evenly distributed light, devices with narrower spine geometries expressed the variation much more noticeably than wider devices, which did not deflect as much. The variation among a given spine thickness is rather constant relative to the total angular rotation and displacement. Devices with varied rib lengths also exhibit this variability due to the test environment. Also, as the rib length was increased, the ribs touched and prevented further deformation (figure 7(c)). As seen in figure 7 , the results of the analytical model fit the empirical data at silicone modulus values of 50-70 MPa. This matches previous observations that Young's modulus of PDMS can vary substantially depending on degrees of cross-linking, humidity and surface treatments (i.e. O 2 plasma) [33, 34] .
Drying of liquid phase meniscus varies as a function of spine thickness and rib length
In addition to the quantifiable differences in device performance as a function of rib length and spine thickness shown in figure 7 , additional visual observations were made as a result of the varied geometric parameters. This information is not captured by the analytical model since the model seeks to find the point of equilibrium and not the transient response.
The drying of the liquid phase was found to exhibit a varied response to rib length. For shorter rib lengths of 300 µm, the meniscus was observed to dry from the rib tips toward the spine ( figure 8(a) ). At a certain time point, many devices underwent a breaking of symmetry due to varied light intensity in the test environment ( figure 8(b) ). However, it is interesting to note that devices in which the meniscus dried toward the spine slowly returned to their starting position at a rate proportional to the evaporation of water.
For devices with longer rib lengths of 500 µm, the actuation is so extreme that the ribs are forced into contact (figures 9(a) and (b)). Note that, unlike the typical MEMS stiction of two cantilevers [35] , the liquid is observed to dry toward the point contact at the tip of the ribs and away from the spine ( figure 9(c) ). Since the liquid dries toward the tips of the ribs, the device remained completely deformed at its point of equilibrium until all the liquid evaporated. At that point the ribs immediately separated and the microactuator snapped back to its starting position.
Both of the drying phenomena described above can be seen in different parts of the device in figure 6 which had rib lengths of 400 µm. Variations in light intensity in the test environment are the most probable cause of uneven drying between the cells of the same device as it returned to its starting position.
By varying the geometry of the devices via the rib length, the meniscus can be programmed to dry toward the spine (for shorter rib lengths) or to dry toward the tip of the ribs (for longer rib lengths that touch at the tip during actuation). This also allows control of the speed with which a device returns to its original position; devices with shorter rib lengths return to their original position more slowly than those with longer rib lengths, which snap when the last drop of liquid holding two rib tips together dries.
Bottom-up assembly: generating stable shapes with multiple actuators
All of the devices discussed so far returned to their original position after evaporation was complete. However, this transient mechanism of transpiration actuation can be used to generate stable self-assembled configurations. Figure 10 shows two simple ribbed actuators fabricated near each other. Independently, each of these devices functioned as described above, transiently deflecting and then returning to their initial configuration upon drying. When the devices were positioned properly, there was a point at which the total water surface energy was reduced by forming a continuous water surface across the ends of both devices ( figure 10(b) ). As this occurred, the devices came into contact at certain points and interlocked (figures 10(b)-(e)). Once dry, the composite device stayed in its new configuration ( figure 10(e) ). This is due to the large areas which when come into contact during actuation (i.e. ribs along their entire length), experience stiction and thus cause the two actuators to stay together when dry. This shows that one can geometrically define devices such that during actuation, large surface areas come into contact and adhere due to stiction. For a single actuator, the only possible areas for stiction are the very small surface areas at the rib tips. That small area is not large enough to cause stiction for an individual device. Therefore, single actuating devices are able to return to their original positions without experiencing stiction.
Furthermore, additional devices were fabricated to show that a small (<10) number of ribs could move large slabs of polymerized silicone. A curved slab of silicone (0.5 × 0.25 mm 2 ) was moved approximately 2.5 mm by the evaporation of water between five ribs.
Conclusion
This paper presents transpiration actuation devices which utilize the pulling force of the surface tension of water on patterned ribs to deform structures in predictable ways. This type of actuation method is new and has been little studied as a micro or nanomechanical system. The structures presented in this paper exhibit large deformations due to surface tension. This method of actuation is being studied as a method of bottom-up self-assembly in which adjacent devices actuate and interlock into more complex and stable configurations. Moreover, the analytical model indicates that deflection relative to the size of the device was size invariant and that nanoscale structures would exhibit relative deformations and angular rotations as large as the microscale devices if the material's Young's modulus is scaled inversely with the device's spine thickness. The deflection profiles of the actuators might be further tuned with environmental controls such as light or heat sources and with more interesting geometries achieved by staggering or varying spine geometry or rib length throughout a single device. These variables could be used to change the speed, location and direction of actuation. The presented actuation scheme provides a possible route toward embedding evaporation-induced actuation into common materials. This mechanism is being explored to create two-dimensional programmable sheets of material that deform as a function of humidity.
